In order to evaluate the influence of rapid homogeneous irradiation of electron beam with low potential (RHIEBL) on absorption phenomena of boiled water into nylon6, the absorbed mass of water in nylon6 has been measured. The RHIEBL decreases the saturated mass of water absorption in nylon6 and also decreases the initial absorption rate of water, as well as the absorption mass of water in nylon6 at each treatment time. Since the RHIEBL increases the initial reaction index from 1/2 to 2/3, RHIEBL changes the initial mode of water absorption, as well as decreases the absorbed mass of water. Based on the results of ESR and XPS, the RHIEBL forms dangling bonds and then decreases the electrical polarization of nylon6 molecules, resulting in a decrease of the mass of water absorption into nylon6.
Introduction
Polymers with lightweight, ductility, low cost and high productivity, as well as metals and ceramics, are materials, which are useful substances. Polymeric materials show lightweight and high specific strength. They have many applications in biomedical, electrical appliance, car and building parts. Furthermore, nylon is also one of thermoplastic polymers with low cost and easy formability to apply composite materials. 1, 2) On the other hand, the water absorption of nylon6 is often observed. An influence of water absorption on expansion is a serious problem. It induces the softening.
3) The water absorption strongly depends on the mass transport, which is generally dominated by not only diffusion in matrix, but also mass transfer at interface. If the surface energy, related to polarization, polymerization, dangling bond and gas adhesion, can be modified, the mass and reaction rate of water absorption can be controlled.
The rapid homogeneous irradiation of electron beam with low potential from 100 to 200 keV (RHIEBL), which is convenient to generate the atomic scale defects in matrix at room temperature, is a useful tool to generate polarization 4) and sterilization, 5) as well as mist-resistance for transparent polycarbonate of medical window. 6) Furthermore, the treatment time is too short (0.23 s/one time), RHIEBL is the practical apparatous to improve the surface properties at room temperature. Firstly, the absorption ratio of water in nylon6 has been experimentaly confirmed to be controlled by RHIEBL. 7) However, the influence of RHIEBL on absorption mechanics has not been determined. Therefore, based on the nanoscopic results and general kinetic analysis, the apparent influences of RHIEBL on the absorption rate of nylon6 in boiled water have been precisely investigated as a basic research.
Experimental Procedure

Sample
The master material was nylon6 powders (UNITIKA, Ltd., A1030JR) dried for 10 h at 363 K. The sheet specimen, which shape was JIS K7111, was molded after melting the powders. The molten nylon6 at 553 K was injected into the die in molding machine (Diichiseikousha, Co. Ltd. Japan) equipped with mixing screw. The die temperature and mold locking force in TKK Co. Ltd. were 323 K and 980.7 kN, respectively.
RHIEBL
The nylon6 sheets were homogeneously irradiated by using an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co. Ltd. Tokyo). [8] [9] [10] The specimen was homogeneously irradiated with an electron beam through a titanium window attached to a 240-mm-diameter vacuum chamber. A tungsten filament in a vacuum was used to generate the electron beam with an electrical potential of 170 kV and an irradiating current of 2.0 mA. To prevent their oxidation, the samples were kept under a nitrogen atmosphere of 0.1 MPa with a residual concentration of oxygen of less than 400 ppm. The flow rate of the nitrogen gas was 1.5 LÁs À1 . Based on assumptions of Christenhusz and Reimer, 11) and Libby, 12) the EB-irradiation depth can be estimated of nylon6. Christenhusz and Reimer 11) evaluated the depth of penetration of EB irradiation of less than 200 kV electrical potential by measuring the Joule heat generated in copper films.
11) Based on the density (: kg/m 3 ) and electrical potential (V: kV), the EB-irradiation depth (D th : m) is given by the following equation:
The electrical potential (128 keV) at sample surface was estimated from the electrical potential (170 keV) at filament, the thickness [10:0 Â 10 À5 mm (10 mm 
The estimated mass thickness is 34.8 mg/cm 2 , when initial electrical potential is 170 keV at filament. Since the mass thickness of Ti foil (1.78 mg/cm 2 ) and N 2 gas (0.15 mg/cm 2 ) reduce the EB-irradiation depth, the mass thickness of nylon6 is 32.3 mg/cm 2 . In addition, the electrical potential on surface of sample is expressed by the following equation.
Namely, the EB-irradiation depth values of nylon6 are 197 and 286 mm, by the assumptions of Christenhusz and Reimer (see eq. (1)), 11) and Libby (see eqs. (1) and (2)), 12) respectively. The sample, positioned in an aluminum plate holder (0:15 Â 0:15 m), was transported on a conveyor at a speed of 9.56 m/min. Because the minimum dose of EB irradiation was 0.0432 MJ/kg (0.0432 MGy), each burst of irradiation was performed for a short time (0.23 s) at 0.0432 MJ/kg to avoid excessive heating of the sample: the temperature of the sample surface remained below 323 K just after irradiation. Both surfaces of the samples were repeatedly irradiated to increase the total irradiation dose. The interval between the end of one period of irradiation and the start of the next was 30 s. The dosage was proportional to the yield value determined from the irradiation current, the conveyor speed, and number of irradiations. The yield value was calibrated by means of FWT nylon dosimeters (Far West Technology, Inc., Goleta, CA, USA).
Mass measurement for water absorption
Samples are immersed in the distilled water for each time within 10 5 s at 373 K for more than 24 hour to accelerate the water absorption. The sample mass is measured by electric mass balance (Kensei-kougyou ltd.) at different absorbing times till 10 5 s. The mass ratio (C w : mass%) of absorbed water is expressed by a following equation.
Here, m o and m t are mass before and after water absorption. This type conditioning in boiled water is known as inducing accelerated ageing by chemical ageing mainly (hydrolysis of polymer chains), therefore it is considered by the authors as the first relevant approach to check the efficiency of the previous material treatment. 7, 13) To obtain precise information on atomic-scale structural changes in the polymer, the density of the dangling bonds was measured by means of an electron spin resonance (ESR) spectrometer (JES-FA2000, Nippon Denshi Ltd., Tokyo). The microwave frequency range used in the ESR analysis was the X-band at 9:45 AE 0:05 GHz with a field modulation of 100 kHz. The microwave power was 1 mW. The magnetic field was varied from 316 to 328 mT. The spin density was calculated by using a Mn 2þ standard sample. Only ESR spectra, instead of spin densities, are given. Based on the standard calibration material [4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL, 089-04191, Wako Pure Chemical Industries Ltd., Tokyo)] and Mn 2þ in the MnO, the density of dangling bonds is estimated by double integration of the intensity of ESR signal. Figure 1 shows change in mass of water absorption of nylon6 with and without RHIEBL against logarithmic dipping time in distilled water at 373 K. As results, the high absorption rate is found for all samples at initial period. In addition, the dipping decreases the absorbed rate for all samples. The end of reaction, that is, the saturation of water absorption of nylon6 samples dipped in water for more than 10 5 s is found. Figure 2 shows changes in mass ratio of water absorption in nylon6 at 10 4 and 10 5 s of treated time against EB irradiation does. RHIEBL less than 0.2 MGy are predicted to decrease the value of saturated mass of absorbed water, as well as decrease the values at 10 4 and 10 5 s. On the contrary, they cannot be controlled by RHIEBL more than 0.2 MGy. The threshold of dropping the absorbed mass of water is less than 0.2 MGy.
Electron spin resonance (ESR) analysis
Results
Dipping time dependent mass of water absorption
Discussion
Influence of RHIEBL on absorption kinetics
Based on statistics and experimental results, Johnson-Mehl kinetic equation 14) is used to apply to simple reaction. 
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Moreover, the evolutions of the mass of water versus time (see Fig. 1 ) are obviously in favor of such a model. When the reaction index (n) and kinetic constant (k) are defined, the absorption ratio (X) of water is expressed by a following equation.
14)
X ¼ 1 À exp½ÀðktÞ n ð 5Þ
When N o and N 1 are mole fractions (N t ) before water absorption and after saturation, respectively, the absorption ratio (X) of water is obtained by using a following equation.
To get the n and k values of eq. (5), the linear relationships is obtained by converting to the eq. (7). log 10 ½À lnð1 À XÞ ¼ n log 10 t þ n log 10 k ð7Þ Figure 3 shows linear relationship between log 10 ½À lnð1 À XÞ and log 10 t of water absorption in nylon6 before and after RHIEBL. The plots exhibit the high correlation coefficient. The slope and intercept values of the linear relationships in Fig. 3 correspond to the n and n log 10 k values, respectively. Based on the straight lines in Fig. 3 , the mean values of n and k are obtained by the experimental values of over all the plots. Although influences of end-and exothermic heat changes and precise detection of initial reaction on reaction index cannot be perfectly neglected, the main reaction can be determined for the whole reaction period.
On the other hand, to evaluate the precise changes in the initial reaction phenomena, the initial values are useful. Thus, the initial values of n and k are determined for initial reaction periods for less than 500 s. Figure 4 shows the identified reaction index (n) of water absorption in nylon6 against EB-irradiation dose. The mean n value is about 0.6 for whole reaction process of nylon6 before and after irradiation, which doesn't largely contribute the mean n value. On the other hand, the initial n value apparently depends on the irradiation dose. The initial n value is about 1/2 for nylon6 before irradiation and is about 2/3 for 0.9 MGy-irradiated nylon. Since RHIEBL mainly converts the initial n value from 1/2 to 2/3, it is concluded that RHIEBL contributes the initial reaction mode. Figure 5 shows kinetic constant of water absorption. RHIEBL enhances the initial k value and mean k value from 0.4 to 0.6. It is concluded that RHIEBL strongly contributes the initial kinetic constant.
On the other hand, the mean kinetic constant (k) doesn't largely depend on irradiation dose below 0.4 MGy and from 0.6 to 0.9 MGy.
RHIEBL induced nanoscopic structure change of
Nylon6 surface Dangling bonds in polymers are often detected by electron spin resonance (ESR) signals. Figure 6 shows ESR signals of nylon6 before and after RHIEBL of 0.2 MGy. Although ESR signal is not observed in nylon6 before irradiation, ESR signal is observed in the 0.2 MGy-irradiated nylon6. Based on the results, RHIEBL generates dangling bonds in the nylon6. Thus, it is possible to cut the inter-atomic bonding of nylon6 molecules.
The dangling bonds have not been observed in untreated nylon6 sample by ESR. 3, 7) Since chemical bonding energy values are 351, 366, 414 378 and 742 kJ/mol for -C-N-, -C-C-, -C-H, -C-O-and -C=O, respectively, 17) the weakest bond is -C-N-. When RHIEBL cuts the inter-atomic bonds of the nylon6 molecule, it is easy to break the -C-N-bonding at inter-monomer site to form the dangling bonds in nylon6 polymer.
Since the atomic bonding between nitrogen and carbon (-C-N-bonding) corresponds to the attractive force of monomers and is the weakest attractive force, 17) RHIEBL probably breaks the -C-N-bonding. If the scanning X-ray photoelectron spectroscopy (XPS) profile of nylon6 is obtained, 7) RHIEBL should decrease the intensity of XPS peaks of nitrogen and oxygen, because formation of dangling bonds. Figure 7 shows rational formula of nylon6 and its XPS profile of carbon, nitrogen and oxygen. In order to confirm the formation site of dangling bonds, precisely, Figs. 8, 9 and 10 also show the reduced intensity values of XPS profiles of nylon6 before and after RHIEBL for measurement ranges near carbon, nitrogen and oxygen peaks, respectively.
As predicted by the chemical bonding energy and ESR results, RHIEBL simply decreases the reduced intensity of XPS peaks of nitrogen (-C-N-) at the lower side of binding energy, as shown in°in Fig. 9 . On the other hand, RHIEBL slightly decreases the reduced intensity of XPS peaks of carbon (-C-C-; see Fig. 8 ) and oxygen (-C=O; see -in Fig. 10 ). Since the difference of chemical bonds is not so large, RHIEBL often cuts the interatomic bonds of (-C=O) and (-C-C-).
Based on the results, it is possible that RHIEBL mainly breaks the inter-atomic -C-N-bond at bonding site of monomers in nylon6. Namely, RHIEBL shortens the nylon6 polymer, resulting in decreasing polarization of nylon6. When the decreasing polarization decreases the attractive force to water molecules, it should decrease the mass of water absorption and its rate in nylon6.
Conclusion
In summary, the absorbed mass of water in nylon6 has been measured to evaluate the influences of rapid homogeneous irradiation of electron beam with low potential (RHIEBL) on absorption phenomena of boiled water into nylon6.
(1) RHIEBL decreases the saturated mass of water absorption in nylon6 and also decreases the initial absorption rate of water, as well as the absorption mass of water in nylon6 at each treatment time.
(2) Based on the results of ESR and XPS, the RHIEBL forms dangling bonds and then decreases the electrical polarization of nylon6 molecules, resulting in decreasing the mass of water absorption into nylon6. (3) RHIEBL increases the initial reaction index of water absorption. Therefore, RHIEBL changes the initial mode of water absorption, as well as decreasing the absorbed mass of water. (4) Based on nanoscopic results of ESR and XPS analysis, RHIEBL cuts the inter-atomic bonds of carbon atoms and shortens the nylon6 molecules, resulting in decreasing polarization of nylon6. If the decreasing polarization decreases the attractive force to water molecules, it should decrease the mass of water absorption and its rate in nylon6. 
